The white-spotted-1 (w^1) mutant of Drosophila melanogaster is characterized by the presence of an 8.7 kb retrotransposon (B104) inserted in the regulatory region of the white locus. The frequency of reversion in both somatic tissue and the germline after exposure to three different alkylating agents has been analysed. To determine if germinal revertants were induced by precise excision of the insertional element we analysed several phenotypic revertants using PCR and Southern blot tecniques. The results indicate that, under our experimental conditions, the mutagens used did not induce excision of B104 in the white gene. In addition, the revertant phenotypes obtained were due to the existence of second site modifiers acting on expression of white. Such modifiers map near the white locus and, at least in one case, may correspond to suppressor-of-white-spotted.
Introduction
Transposable elements (TEs) have been considered major causes of spontaneous mutation in different organisms (Finnegan et al, 1978; Green, 1980; Finnegan and Fawcet, 1986; Finnegan, 1989) . In addition, some previous studies seem to indicate that environmental agents may be contributory factors in determining the rate at which genetic transposition occurs and that they can interfere with expression of insertional mutants. Such agents can be either physical or chemical in nature (Carpenter et al, 1987; Junakovic et al, 1988; Di Franco et al., 1992) .
Many examples have been reported of chemical agents able to increase transposition rate in various organisms. In bacteria an increase in the transposition rate of Tn977 and Tn501 has been described after exposure to low concentrations of erythromycin (Tomich et al, 1980) and Hg 2+ (Arthur et al, 1981) respectively. The alkylating agent ethyl methanesulfonate (EMS) has been shown to activate the Spm transposable element in maize (Burr and Burr, 1988) , to induce excision of the Tel element in Caenorhabditis elegans (Collins et al, 1987) and to increase the frequencies of transposition-linked mutations in Drosophila melanogaster (Banerjee et al, 1978; Fujikawa and Kondo, 1986) .
However, investigations indicating lack of induction of transposition by environmental agents have also been reported. Thus no drastic changes in the genomic locations of the transposons copia and mdgl were detected in two inbred lines of D.melanogaster exposed to stress by heat shock at 37°C, dichlorvos, hydrogen peroxide or ecdystcrcne (Arnault et al, 1991) .
Drosophila melanogaster is a suitable organism to study the role of TEs in mutagenic events since its genome contains many different types of these elements. Most of them have structures similar to those of integrated retroviruses, with two long terminal repeats (LTRs) containing transcription initiation and polyadenylation signals (Bingham and Zachar, 1989) .
During the last 15 years many experiments have been undertaken to shed some light on the issue of chemically induced transposition in Drosophila, but they have led to contradictory conclusions. The reversion of an insertional singed mutation to wild-type was studied by Eeken and Sobels (1983) , who treated larvae with either methyl methanesulfonate (MMS) or ./V-nitroso-./v'-ethylurea (ENU) and assumed that the observed reversions were due to excision of an inserted element. They concluded that transposition does not depend on mutagenic treatment. Similar results were reported by Lacy et al. (1986) , studying insertions induced by EMS and ENU at the RpH215 locus.
On the other hand, several authors have described a clear increase in the appearance of revertant sectors in the eyes of a transposon-caused mutant (UZ strain) after physical and chemical treatment (Xamena et al, 1984; Rasmuson, 1985; Ryo et al, 1985; Rasmuson et al, 1988; Batiste-Alentorn et al, 1991) . Osgood and Lacy (1986) tried to detect chemically induced excision of resident TEs in adult males of Drosophila with a multiply marked X chromosome, where the markers were mutant alleles associated with well-characterized TEs: y 2 (gypsy), w" (copia), ct 6 (gypsy) and sn CFL3 (P). They observed that the only locus responding to the treatment was w", reverting only following MMS and ENU treatment.
The white gene of D.melanogaster seems suitable to study mutagenesis involving transposable elements in eukaryotes. It is located on the X chromosome at position 1-1. 5 (Lindsley and Zimm, 1992) . The pigmentation of eyes and ocelli of adult flies as well as pigment production in adult testis sheaths and larval Malpighian tubules depends on its expression (Lindsley and Zimm, 1992) . It is reported to code for a transmembrane protein involved in the transport of pigment precursors (Levis et al, 1985; Hazelrigg, 1987) . Mutational changes at this locus are easy to detect as even slight changes in eye colour can be monitored. In addition, mutations at this locus do not affect viability and fertility of the flies. The white locus is well documented at the molecular level (Goldberg et al, 1982; Levis et al, 1982; O'Hare et al, 1984) ; it has six exons and five introns and produces a major mRNA of 2.6 kb (see Figure 1 ). Molecular analysis of the white locus in D.melanogaster shows that many mutants are the result of TE insertions (see Lindsley and Zimm, 1992) .
In a previous paper we reported that treatments with alkylating agents produced a clear increase in the frequencies of somatic reversions of three insertional white mutants : whiteapricot-4, white-buff and v.!iite-spotted-55 (Soriano et al, 1995) . Levis et al. (1982) . Big black boxes indicate exons. Black boxes at the end of the retrotransposon indicate LTRs. Note that 5' corresponds to proximal and 3' to distal orientation of the mapped region.
characterized TE located in the regulatory 5'-region of the white locus (Zachar and Bingham, 1982; O'Hare et al., 1984; Finnegan and Fawcett, 1986) , showed the highest frequency of induced somatic revertant eye sectors. This study deals with the mutant white-spotted-1 (H^1), also located in the regulatory 5'-region. This mutation is associated with an 8.7 kb retrotransposon inserted at position +4.92 of the white DNA sequence map, 1.2 kb upstream of the starting point of transcription (Zachar and Bingham, 1982) . It was identified by O'Hare et al. (1983 O'Hare et al. ( , 1984 as a member of a TE series termed either B104 (Scherer et al., 1982) or roo (Meyerowitz and Hogness, 1982) . In this paper we present the frequencies of reversion in somatic tissue and the germline after treatment of larvae with EMS, ENU and MMS. In addition, molecular data are also presented to find out whether phenotypic revertants are due to partial or total excision of the TE or to other mechanisms.
Materials and methods

Chemicals
The following chemicals were used: EMS (CAS no. 62-50-0), ENU and MMS (CAS no. 66-27-3). They were supplied by Sigma (St Louis. MO). All compounds were dissolved in double distilled water just prior to treatment and diluted to the desired respective concentrations.
Drosophila stocks
The parental flies used were as follows: (i) Canton-S, wild-type (CS)\ (ii) a strain with C(1)DX, yf females; (iii) supressor-of-white-spotted [su(w^) Lindsley and Zimm (1992) .
Mutogenic treatments
Flies were exposed to the different test compounds during the whole larval period according to the following procedure. First instar larvae, obtained by washing and filtering from standard culture medium, were transferred into vials with 10 ml Drosophila Instant Medium (Carolina Biological Supply Co.. Burlington, NC) and 10 ml test solution. The larvae remained in the vials until emergence of surviving adult flies. Concurrent negative controls with water were performed for each experiment All experiments were earned out at 25 ± 1°C.
Scoring technique and data analysis
The hatched adult flies were anaesthetized and under a dissecting microscope the males were examined for eye colour mosaicism and counting of the number of pigmented ommatidia. Multiple sectoring appearing in the same eye was recorded according to the criterion used by Vogel and Zijlstra (1987) and Xamena et al. (1991) . Increases over spontaneous frequency of the wildtype sectors indicate the rate of the somatic reversion induced by the treatment. Taking into account the mottled phenotype of H^1 eyes, the reversion frequency was calculated excluding sectors of one ommatidium.
Males from larvae treatments were crossed with virgin Q1)DX, yf females and their offspring scored for red eyes. Induction of germinal mutation was calculated as the frequency of red eyed males among total male offspring. The Kastenbaum-Bowman test (Kastenbaum and Bowman, 1970) was applied to determine the statistical significance of induction frequencies, using a FORTRAN programme developed by WUrgler and Bcrchtold (1982) .
The obtained revertant males were mated with attached-X females and those showing X-linked inheritance were kept in individual attached-X strains for further analysis at the molecular level. Additional experiments were carried out to collect more revertants, but offspring were not counted to estimate the frequency of reversion. New X-linked mutants were also kept in strains with attached-X females.
Quantitative measurement of red eye pigments
To characterize the induced germline mutants we measured red eye pigment contents following the protocol of Ashbumer (1989) . Heads of 6-day-old males were used. The relative absorbance was calculated as the ratio of absorbance of the mutant (AJJJ.R) compared with that of the wild-type (Aw^s), corrected for the absorbance of the white! mutant A), i.e. )
Analysis of testes
Abdomens of males were dissected in 0.85% NaCl and colour of the testes was examined under a stereoscopic microscope. To obviate an age-dependent increase in pigmentation 5-day-old males were analysed.
DNA analysis by Southern blot
Genomic DNA extractions from adult flies of CS, w*? 1 and the different revertant lines were performed as described by Piftol et al. (1988) , except that 150-200 mg flies were homogenized in 10 ml buffer and an extra phenol deproteinization step was introduced before deproteinizing with chloroformFive micrograms of genomic DNA were digested with suitable restriction enzymes according to the supplier's instructions (Stratagene). DNA fragments were separated by electrophoresis in a 0.8% agarose gel. Two digestions were performed, one with BgKl and another with Smal and EcoRl. Southern Reversion of whUe-spotted-1 blotting on positively charged nylon filters (Boehringer Mannheim, Mannheim, Germany) was carried out using standard procedures (Sambrook et al., 1989) .
Hybridization probes for genomic Southern blots
BglU-BglQ and BamHI-Sacl fragments of the white locus between positions +6163 and +4776 and positions +1383 and -600 respectively were used as probes (see Figure 1 ). These fragments were obtained from plasmid pWP2 (kindly provided by Dr WJ.Gehring, Department of Cell Biology, Basel University, Switzerland). The BglQ-Bglll fragment is cloned in the BamlU site of pBluescript (Stratagene); digestion with Smal and Xbal was performed to obtain the fragment before labelling. The BamVUSacl fragment is cloned in vector pTZ (Genescribe-Z; US Biochemical Corp.). In addition, a fragment of plasmid pCasper (kindly provided by Dr V.G.Corces, Department of Biology, Johns Hopkins University, Baltimore, MD) obtained by PCR was used as a probe (see Figure 1 ).
Probes were purified using a Geneclean kit (BIO 101, La Jolla, CA) before labelling. Fragments were radioactively labelled with [ct-32 P]dATP by the random primed method using Klenow enzyme for 2 h at 37°C and purified on a Sephadex column.
Hybridization of genomic blots
Prehybridization and hybridization with the radioactive probes were performed at 42°C using formamide. Hybridization was followed by two 5 min washes at room temperature with 2X SSC, 1% SDS and two 30 min washes at 65°C with IX SSC, 1% SDS. Filters were exposed to the films overnight at -80°C, with intensifying screens, and then the films were developed.
PCR analysis white-spotted-1 mutants were analysed by heminested PCR amplification of the flanking region around the insertion point of the B104 element (see Figure  1) . As a control an external region of the structural zone of the white locus was amplified in the same reaction. The sequences of the PCR primers were: wspdl, 5'-CTCTACAAAAATGAACTGCA-3'; wspd3, 5'-CCATTTTTCA-GCTCTTTCGC-3'; wspul, 5'-CTCGAATTCCGATGTGGTAAC-3'; wbff, 5'-GCGAATTCCTACCAACTACA-3'; wbfr, 5'-CGGGATCCCCAGAAAGTAT-3'. DNA (0.5 u,g) wa s amplified in a volume of 25 |il, containing IX PCR reaction buffer (50 mM KC1, 10 mM Tris-HCl, pH 8.4, 0.01% gelatine), 2.5 mM MgCl 2 , 125 uM each dNTP, 0.25 uJvi each primer and 1 U Taq DNA polymerase. The first reaction was carried out, after 3 min preincubation at 95°C, for 15 cycles in a Programmable Thermal Controller (PT-100; Mj Research Inc.), 30 s at 95°C, 30 s at 60°C and 90 s at 72°C, followed by 10 min at 72°C, using wspdl, wspul, wbff and wbfr primers. One microlitre of this reaction was used to set up another reaction, which was carried out, after 3 min preincubation at 94°C, for 30 cycles of 30 s at 94°C, 30 s at 60°C and 90 s at 72°C, followed by 10 min at 72°C, using wspd3, wspul, wbff and wbfr primers.
Five microlitres of each reaction were electrophoresed in a 1% agarose gel and stained with ethidium bromide. The amplification products were verified on a Southern blot from the electrophoresis gel using the VacuGene™ XL vacuum blotting system (Pharmacia LKB Biotechnology AB, Uppsala, Sweden). Nylon filters were hybridized with BgHl-BglU and SallSall probes to confirm that the amplified region was the expected one. The SallSall fragment is cloned in pBluescript Both the Bglll-BglU and Sail-Sail inserts were amplified by PCR using universal sequencing primers M13/pUc sequencing primer 1 (New England Biolabs Inc., Beverly, MA) and M13/pUc reverse sequencing primer 2 (Promega Corp., Madison, WT) and labelled with digoxigenin-11-dUTP by random primed reaction using a DIG DNA Labeling kit (Boehringer Mannheim). Hybridization was performed at 65°C in 0.25 M Na 2 HPO 4 , 1 mM EDTA, 10% SDS and \% powdered skimmed milk, pH 7.5. The post-hybridization washes were carried out twice in 20 mM Na 2 HPO 4 , 1 mM EDTA and 1% SDS for 15 min at 65°C. The DIG Detection Kit (Boehringer Mannheim) was used according to the supplier's instructions to detect hybridization bands.
Genetic crosses
As no molecular differences in the white locus were found between w 1 * 1 and the revertants, several crosses were performed to find the cause of the mutant phenotypes. Thus F] females from crosses between mutant males and v/ 1 " 1 virgin females were analysed to determine the dominance relationship ( Figure  2a) . F 2 males from crosses between mutant males and CS virgin females were analysed to find out whether the mutant phenotype was due to a modifier mutation in another locus on the X chromosome and, if so, to determine its map position from the frequencies of recovered meiotic recombinants f Figure  2b) . Two different classes of F 2 recombinant males can be obtained, but only one can be detected phenotypically (v/."'j; hence, the inferred frequency of recombination is double the ratio between v/' 1 males and the total of males scored. To determine the map position with respect to white we analysed phenotypic segregation in F 2 males from crosses between y \v" females ar.d mutant males in one of the cases, following previous criteria (Figure 2c ). As controls, crosses with the known modifier su(w^) were also carried out.
Results
The somatic reversion induced in >v spl flies after larval exposure to three alkylating agents, EMS, ENU and MMS, was analysed by scoring the eyes for colour mosaicism. The exposure concentrations ranged from 0.01 to 0.50 mM for ENU, from 0.10 to 1.00 mM for MMS and from 1.00 to 6.00 mM for EMS, depending on their respective toxicities.
Significant increases in somatic reversion frequency were obtained in males after treatment with all concentrations of the three alkylating agents tested (Table I ). Significant increases in females were also obtained, although the frequencies were lower than in males (Table U) . ENU was the most and EMS the least effective inducer of somatic reversion (ENU > MMS > EMS), although ENU is expected to be destroyed within a short time after administration. The same result was observed in a previous study of insertional mutants involving a copialike element inserted into the white gene (Soriano et al., 1995) .
Males scored for somatic reversion were mated with attached-X females [C(1)DX, y f] and their male progeny analysed for reversion events that had taken place in the parental germline. All revertants so obtained were recovered from different culture vials except in one case, where two revertants were found in the same bottle. As we do not know whether they represented two independent events or had originated from a single premeiotic event we give a minimum (same event) and a maximum (two independent events) estimate for the frequency of germline reversion. Significant increases in reversion frequency were observed only after EMS treatment and, possibly, after 0.1 mM ENU treatment, but not after MMS treatment (Table IE) .
To phenotypically characterize the revertants red eye pigment concentrations were measured (Table IV) , which revealed that all were partial revertants as they had more red eye pigment than w^1 but less than CS. Microscopic inspection of testes did not reveal any phenotypic difference. Revertants had yellow coloured testes, as had CS wild-type and w* 1 " 1 males. Six partial revertants were analysed by PCR. The region bracketing the insertion site of B104 was successfully amplified in CS and not in H^P 1 , as expected, but not in the revertants. A control region from -756 to -1546 of the white locus was amplified correctly in the same PCR amplification reactions. The two hybridization bands found were the expected ones (Figure 3) . To further investigate the failure of amplification with DNA from revertants Southern blots of genomic DNA digested with BglU, using the probe BglR-BglU, were carried out. CS DNA showed a band of 1.4 kb, corresponding to the Bgl]I-BglU fragment; w spI DNA showed two bands of ~6 and 2 kb; since the B104 element has two target sites for BglU. (Figure 1) , the central part of B104 is not detected on the blots. All the revertants show the same two bands as w spi . Hence, they seem to have an unchanged B104 element still in place in the white gene at the same position as in u> spl ( Figure  4) . To probe for possible modifications in other regions of the white locus two more Southern blots were performed. After digestion of genomic DNA with Smal and EcoRI and transfer to filters these were hybridized with two probes, one from BatriiU to Sacl and the other obtained from pCasper (see Figure 1 ). However, we could not find any difference in these regions ( Figure 5 ).
Since no differences at the white locus could be observed between u^1 and the partial revertants, we concluded that modifiers present on the X chromosome were probably exerting an influence on expression of the w^1 mutant. Female progeny from the crosses between mutant males and vv^1 females revealed the existence of at least two different types of modifiers. In three cases the modifier appeared to be a recessive modifier, whereas in three other cases it acted as 'Statistically significant at the 5% level (Kastenbaum-Bowman test) b Non-significant a partial dominant. By crossing mutant males with CS females we obtained from the F 2 males an approximate estimate of the recombination frequency between the respective modifiers and the white locus. The same crosses carried out for control purposes with su(w sp ), located at 1-0.16 (Lindsley and Zimm, 1992) , gave a recombination frequency of 0.4%; this seems to on-significant. c This might be a cluster. indicate that su(w* p ) is closer to the white locus than described in the literature. Our results show that both recessive and partial dominant modifiers map very close to white (Table V) . Results for w^1* 40 and M^P 1R43 are inconclusive because a wide gradation of eye phenotypes is present in the offspring and it was impossible to discriminate between the recombinational types. This high variability must be due to the effect of both modifiers on the w + allele producing variable expression of this gene.
Taking into account that the mutant H^1 1163 shows a relatively high recombination frequency and that this value is similar to that obtained with sufw*?), we crossed w^l R63 males with y virgin females, in order to determine its relative position (distal or proximal) with respect to the white locus. The results obtained for suf^P) and w* 1 * 6 * indicate that both are located between y and w. Inferred frequencies of recombination for su(wV) and w ipiR63 with respect to white were 0.41% (n = 6290) and 0.33% (n = 3615) respectively. We note that these values agree with those obtained in the crosses with CS described above.
Crosses between W S P |R63 and su(w^) gave red eyed offspring; this indicates that they do not complement and that mod* 63 is an allele of su(w sp ), otherwise the offspring would have a spotted phenotype.
Discussion
Mutations in the centromere-proximal sites of the white locus give a variegated eye phenotype. They affect the 5' flanking regulatory region which includes multiple upstream regulatory elements governing gene expression in different tissues such as Malpighian tubules and testis sheath, as well as those regulating the pattern of eye pigmentation and interaction with the zeste gene (Levis et al, 1985; Pirrotta et oL, 1985; Hazelrigg, 1987) .
The white-spotted (w*Q) region is an upstream cis-acting regulatory sequence of the white gene (Davison et al, 1985) . This region has been cloned (Zachar and Bingham, 1982) and sequenced . It can be denned from sequence analysis of the end points of the w^2 deletion (Davison et al, 1985) .
The eyes of the H^1 mutant are speckled and the colour of individual ommatidia varies from yellow to brown. In spite of the variegated pattern of spots in the eye of this mutant, the transcript (a 2.6 kb polyadenylated RNA) is like that of the normal gene w + in all respects (Levis et al, 1984; Pirrotta and Brockl, 1984) . The phenotypic effects of w* p are due to the insertion of a B104 retrotransposon sequence in the white-spotted region and can be attributed to inappropriate transcription or deregulation of the white gene.
In a previous study we investigated the response to alkylating agents of several insertional mutants of the white gene (Soriano et al, 1995) and found mutant w*? 55 highly sensitive to alkylating agents, showing a high frequency of somatic reversion. w* 1 "
5 shows a higher frequency of spontaneous somatic reversion and is more sensitive than w^1 males to alkylating agents. Nevertheless, there was a clear increase in the somatic reversion frequency of w 5 *" 1 produced by the three alkylating agents used, e.g. treatments with 0.50 mM ENU increased reversion in males nearly 70-fold over the spontaneous frequency.
The white gene is located on the X chromosome. As females have two X chromosomes and males only one we might expect a higher w 5 ? 1 reversion frequency in females than in males, because they have two target sites. However, our experiments consistently show a higher reversion frequency in w*? 1 males. In our previous study of the insertional mutants w* 2 , w" 4 , w bf and w"* 55 we also found a higher reversion frequency in males than in females (Soriano et al, 1995) .
The 5'-region of the white gene harbours several sequences regulating tissue-specific expression. As testis colour is one of the characters controlled by white, we monitored eye and testis pigmentation of the mutants analysed. While colour of the testes was similar in CS, w^1 and revertants, there were differences with respect to eye pigmentation. All phenotypic revertants had more red pigment than w* pl but less than wildtype CS. Thus, with respect to their functional state, all the red eyed phenotypes represent partial revertants.
To determine whether the mutagen treatment was able to promote a total or partial excision of the B104 element from mutant w spi we analysed, at the molecular level, the structure of the white gene of the revertants obtained after treatment with alkylating agents. None of the six partial revertants of w^1 showed excision of the B104 element or any other alteration in the white Iccus detectable by Southern blotting with representative probes. However, the possibility of small structural changes not detectable in Southern blot analysis cannot be entirely dismissed. Nevertheless, another more plausible explanation of our results could be the existence of second site modifiers acting on the H^P 1 mutant. Banerjee et al. (1978) reported that they found four revertants of w*? 1 after treatment with EMS and one of them was a tightly linked modifier mutation. There are numerous examples of fra/u-acting modifier mutations in Drosophila which enhance or suppress phenotypic manifestation of particular mutants at many loci in the genome (Kubli, 1986; Rutledge et al, 1988; Rabinow and Birchler, 1990 "Results are inconclusive. n, total F 2 males scored (initial cross CS females X mutant males).
mutations in the 5' regulatory region) (Chapman and Bingham, 1985; Davison et al, 1985) . sufw 5 ?) maps distal to white on the X chromosome (position 0.16) and it is thought to code for a repressor which acts during eye development (Chapman and Bingham, 1985) .
We determined that one of the modifiers detected, i.e.
W C P IR63
I corresponds to 5«fw sp J, since both are recessive, do not complement and show similar map distances to the white locus as determined in two different recombination experiments. As a corollary, we noted that the map distance between sufw^) and >v* pl is considerably shorter than reported in Lindsley and Zimm (1992) .
In addition, we have isolated at least one other modifier which is recessive and affects the white gene independently of the presence of the B104 TE insertion. This modifier in the presence of the w + allele gives a different phenotype from w + itself. If the cause of the reversion in the somatic line was the same as in the germline, i.e. mutations in other loci, some of them recessive, we would expect this to be the cause of the higher frequency of somatic reversion observed in males than in females.
Since neither total nor partial excision of the transposable element inserted into the white gene in w^1 was detectable in the partial revertants induced by treatment with alkylating agents, we conclude that under our experimental conditions such mutagens do not induce excision of TE B104.
Further study of fra/w-acting modifiers interacting with exacting non-structural mutants may provide more insight into the understanding of spatial and temporal regulation of gene expression.
